Nitrogen is a major nutrient element influencing the cycling of organic matter in the biosphere. Both its organic and inorganic forms are closely related to biological productivity and take part in a series of interconnected reactions which form the nitrogen cycle [1] [2] [3] . Part of the nitrogen is incorporated into organic material and is moved from the active pool and no longer available for biological productivity. Little is known of the chemical composition of this refractory N or the processes responsible for its recalcitrance. Traditionally, this refractory nitrogen has been viewed as consisting of heterocyclic nitrogen compounds [4, 5] . However, we report here solid-state 15 N nuclear magnetic resonance (NMR) spectra of refractory organic matter from an organicrich sediment showing evidence that this refractory nitrogen is composed primarily of amide-linked nitrogenous substances. We additionally confirmed, using a new technique of thermochemolysis with tetramethylammonium hydroxide [6] that this amide-N derives from proteinaceous material being protected from degradation. Others [7] [8] [9] have suggested that such protection is afforded by entrapment within mesopores in sedimentary mineral grains, but this in unlikely in the case of organic-rich sediments such as those studied here. We offer as an alternate explanation that protection is effected by encapsulation within the macromolecular matrix forming sedimentary organic matter. The study involves a 15 N NMR spectroscopic investigation of an algal sapropel from Mangrove Lake (Bermuda) deposited under lacustrine conditions more than 4000 years ago [10] . The algal sapropel has undergone extensive biological degradation over the course of time, with an almost complete removal of labile constituents at depth. The sample examined here is from a fresh-water unit of the sapropel, one that shows a higher degree of preservation for generally labile components such as carbohydrates and proteins [11] , compared to an overlying marine unit even though the level of microbial reworking was probably similar or greater due to increased age of deposition. Figure 1a shows the solid-state 15 N NMR spectrum of the salt-free sapropel showing the features and signals typical of proteinaceous material of Fig. 1 . Solid-state 15 N NMR spectra of: a) a salt-free algal sapropel (Mangrove Lake, Bermuda), b) its base-extracted humin fraction, and c) the acid-hydrolyzed sapropel. The sapropel was deposited under lacustrine conditions more than 4000 years ago [10] . The sample examined here is from a fresh-water unit of the sapropel. The salt-free sapropel fraction was obtained by washing with water. The humin fraction was obtained by extracting sequentially with benzene/methanol, 10% aqueous HCl, and 0.5 M NaOH. The hydrolyzed residue was obtained by treating the humin with 6 M HCl under reflux for 4 h, followed by washing with water and drying. The samples generally show a high N content (salt-free fresh-water sapropel: 3.2% N; humin: 3.1% N; hydrolyzed residue: 3.0% N). The spectra were obtained on a Bruker MSL 300 (30.4 MHz), applying the cross-polarization magic-angle spinning technique after accumulation of 500 000 scans with a pulse delay of 100 ms, a contact time of 1 ms, an acquisition time of 4 ms and a magic-angle-spinning speed of 4.5 kHz. A line broadening of 150 Hz was applied. The radiofrequency field strength of the decoupler was 50 kHz. A brief discussion of the applied parameters and their influence on the spectra can be found by Knicker and Lüde-mann [12] . The chemical shifts are referenced to nitromethane ( = 0 ppm). Signals marked by asterisks, are spinning sidebands biogenic origin [12] [13] [14] [15] . Its main signal at -256 ppm is assigned mostly to peptide-N. Acetylated amino sugars, lactams, indoles, and carbazoles may also contribute to the intensity of this broad signal [16] . The other signal which characterizes the presence of proteinaceous material is the one at -345 ppm, attributed to the N of terminal amino groups of peptides [16, 17] . The absence of signals in the region of pyridinic-N (-40 to -90 ppm) and the low signal intensity in the region of pyrrolic-N (-145 to -240 ppm) in the spectrum of the algal sapropel suggests that these heterocyclic nitrogen forms are not the major contributors to the refractory organic nitrogen. This finding contrasts with the belief that refractory organic nitrogen in sedimentary systems, such as those of Mangrove Lake, derives from the formation of heterocyclic aromatic compounds via condensation and polymerization of oligomeric or monomeric degradation products [18] . Such compounds have been shown to yield characteristically different 15 N NMR spectra with signal intensity between -40 to -90 ppm and -145 to -240 ppm [19] . Rather, it is likely that proteinaceous materials have survived in this organic-rich deposit, protected from degradation for more than 4000 years. The survival of proteinaceous material during prolonged sediment diagenesis is surprising because proteins and peptides are expected to be rapidly mineralized by microorganisms during the early stages of sediment formation. This assumption is supported by studies determing the amount of extractable amino acids and proteins from sediments [20, 21] . In a previous study [10] approximately 10% of the organic nitrogen in the fresh-water sapropel was identified as proteinaceous by a colorimetric test and an amino acid analysis of hydrolyzed sediment, but 90% remains uncharacterized. Traditionally, analysis of proteins in sediments involves either a base extraction followed by a colorimetric test [20] or an hydrolysis with 6N HCl to release hydrolyzable amino acids whose concentrations can be determined and used to calculate the original protein content of the sample [21] . The sapropel from Mangrove Lake was subjected to these two traditional treatments and the insoluble residues from both of these treatments contained most of the refractory N. The 15 N NMR spectra for these residues (Fig. 1b, c) reveal that the signal at -256 ppm survives the treatments and the spectra are nearly identical to that of the salt-free sapropel. Thus both base extraction and acid hydrolysis fail to significantly alter the spectral signature of this refractory amidelike N, an indication that at least some of the N is protected from the intense chemical hydrolysis. The resistance to chemical hydrolysis could partly explain why this refractory N has survived 4000 years in the sapropel. These findings beg pose the question as to what this refractory N is composed. A refractory biopolymer proposed to be composed of long-chain alkyl amides has recently been characterized in hydrolyzed residues of algae [22] , and it is possible that the amide-N found to survive hydrolysis in Mangrove Lake sapropel is derived from such a polymer. There is also the possibility that refractory chitinous residues [23] could explain the existence of amide-N. Both the N-acetyl glucose units and the chitin-associated proteinaceous materials could explain a peak at -256 ppm. However, we believe that the similarity of 15 N NMR spectra before and after hydrolysis and, in particular, the persistence of a peak at -345 ppm for free amino groups in amino acids point to the predominent existence of proteinaceous material. To demonstrate that a portion of this amidelike N in the acid residue is proteinaceous we employed a tetramethylammonium hydroxide (TMAH) thermochemolysis method which has been demonstrated effectively to cleave ester and ether bonds [6] and has been shown in our laboratory [24] efficiently to cleave peptide bonds. Figure 2 shows a partial gas chromatogram of the TMAH thermochemolysis products obtained from the hydrolyzed sediment of Mangrove Lake, 232 Naturwissenschaften 84 (1997) © Springer-Verlag 1997 Fig. 2 . Partial gas chromatogram of the TMAH/thermochemolysis products released from the hydrolyzed humin residue of Mangrove Lake. For peak identification refer to Table 1 . TMAH/ thermochemolysis was performed with 0.5 mg of sample in a sealed glass tube with a measured amount (100 ll) of TMAH (25% in methanol), heated for 30 min at 2508C. The thermochemolysis products were extracted with methylene chloride that was concentrated to 50 ll. One microliter was analyzed by capillary gas chromatography on a Hewlett Packard 5890 series II gas chromatograph. Compounds were identified using gas chromatography/mass spectrometry (Kratos MS-80 RFA high resolution gas chromatograph/mass spectrometer system).
The column was heated at 158C/min from an injection temperature of 508C to a temperature of 1008C, at which point the rate was slowed to 68C/min to a final temperature of 2808C. Injector and detector were set at 3008C. Mass spectra were obtained at a scan rate of 0.6 s/decade of mass with a 0.2 s magnet settling time added with the 14 numbered peaks derived from proteins identified in Table 1 .
The presence of proteinaceous material in this hydrolyzed sediment is clearly indicated. Several mechanisms can explain the preservation of labile organic compounds such as proteins in sediments. It is widely accepted that labile compounds can be protected from microbial decay via absorption to clay minerals [9, [25] [26] [27] . Degradative enzyme activity presumably decreases due to the formation of sterically protected substrate/mineral chemisorptive interactions [27] or, as recently proposed, entrapment in mesopores (<10 nm) which are too small for enzyme access [7, 8] . This mechanism may be important in sediments with high mineral matter contents. However, it cannot explain the observed preservation of proteinaceous organic nitrogen in the sapropel of Mangrove Lake where the clay and/or mineral content is low (<10 w/w%). From recent studies of the preservation of shrimp skeletons in ancient sediments [23] it has been proposed that the chitin serves as a refractory substrate; however, it is unlikely that the algal sapropel of Mangrove Lake harbors significant amounts of chitinous organisms.
Another explanation for the long-term survival of labile proteins in Mangrove Lake sapropel may be from an interaction with other refractory organic material in the sediment which offers protection from degradation. It has long been known that insects encapsulated in amber survive in a physically protected state and even labile substances such as DNA can be recovered [28] . Proteinaceous material may likewise have been protected from degradation by encapsulation in the network of a refractory biopolymer [22] . The sapropel offers an ideal matrix for this sort of preservation because algal residues of the kind comprising the sapropel have been shown in many previous studies to contain refractory aliphatic biopolymers known as algaenan [30, 31] . The selective preservation of these algaenans intermixed with labile proteins offers an ideal scenario for encapsulation. It is also likely that the protected proteins comprise parts of the algal cell walls, and that they become sandwiched between algaenan layers during diagenesis. The results presented here provide some implications for the protection and preservation mechanisms of labile material in organic-rich sediments and perhaps mineral-rich sediments as well. Encapsulation of labile protein into refractory organic matter can partly explain the fate of generally labile nitrogen in various biogeochemical deposits which are important links to the global cycling of nitrogen. Such sequestration of nitrogen could have significant implications to the overall biological productivity of both marine and terrestrial systems and more importantly, to agricultural systems dependent upon nitrogen availability. Table 1 . Thermochemolysis products identified in the residue of the hydrolyzed humin residue of Mangrove Lake and their possible origin. The possible origin of the thermochemolysis products was confirmed by analysis of amino acids and peptides with known composition [23] . The peak numbers refer to the numbers in the TIC of the hydrolyzed residue in Fig. 2 
